Introduction {#s1}
============

*Porcine epidemic diarrhea virus* (PEDV) causes enteritis, vomiting, watery diarrhea, and high mortality in \<10-day-old suckling pigs (almost 100%) and significant economic losses in the swine industry ([@B1]). PEDV re-emerged in 2013 and caused huge economic losses globally, in many important swine-producing countries in North America (USA, Canada, and Mexico) ([@B2]--[@B4]) and Asia (South Korea, Japan, and Taiwan) ([@B3], [@B5], [@B6]). Direct contact between the pigs within farms is the primary transmission route of PEDV, via the fecal--oral route ([@B7]). Improvements in farm hygiene management and avoiding risky practices associated with contact with pig excrement are key factors in preventing the transmission of PEDV to farms ([@B6]). Several studies have comprehensively evaluated the risk factors for the spread of PEDV in the early phase of PEDV outbreaks ([@B6], [@B8], [@B9]). Indirect PEDV transmission through contaminated personal protection equipment occurs rapidly, within 24 h ([@B10]). In Japan, large-scale farms, proximity to an infected farm, number of feed trucks, short disinfectant contact time, and visiting veterinarians are factors strongly associated with the PEDV status of farms ([@B11], [@B12]). In the USA, transport is considered the main route of PEDV transmission ([@B13], [@B14]). In Italy, trucks have been shown to play an important role in the spread of PEDV ([@B15]). PEDV-contaminated feed was reported to be a significant risk factor for the transmission of PEDV between farms in the USA, Japan, and Canada ([@B8], [@B9], [@B11], [@B16]--[@B18]). Its transmission by transport vehicles was also reported to be a biological factor causing the rapid spread of PEDV in the USA and Japan ([@B11], [@B13]). Because PEDV is highly infectious and the infectious dose is low, it can be locally transmitted from PEDV-infected farms to neighboring PEDV-free farms through aerosol transmission or contaminated fomites ([@B12], [@B19], [@B20]). However, no study has analyzed the risk factors for PEDV spread in endemic areas or countries.

In Vietnam, PEDV was first observed in the southern provinces in 2009 ([@B21]). Published studies have demonstrated that PEDV is present in all major swine-producing regions in Vietnam ([@B21]--[@B26]). A descriptive survey recently provided evidence that northern Vietnam is an endemic area for PEDV, with a high proportion of PED-positive farms (30.89%) (Mai et al., unpublished). However, since its first detection, no specific PEDV control measures have been implemented by veterinary services to control the disease. Although vaccination or the feedback method has been applied on some pig farms, PEDV still occurs and frequently recurs. Our hypothesis is that the farm location and poor biosecurity measures for fomites, animals, and humans are the main risk factors for the nationwide transmission of PEDV in endemic areas. Some risk factors related to social and cultural practices in the Vietnamese swine industry could also play important roles in PEDV transmission among the pig population in Vietnam. Therefore, the objective of this study was to evaluate the potential risk factors for the widespread dissemination of PEDV in an endemic area with a case--control study. Theoutcome should extend our understanding of the dynamics of PEDV spread, in an effort to eliminate this economically important disease, which has emerged or re-emerged worldwide.

Materials and Methods {#s2}
=====================

Data Collection
---------------

In northern Vietnam, most piglets are produced and then transported to southernparts of the country. We have performed a survey between January 2018 and February 2019 to evaluate the proportion of PEDV-positive farms in a high-density pig population in northern Vietnam ([Figure 1](#F1){ref-type="fig"}; the map was edited with PowerPoint from a screenshot of Google Maps \[Map data©2020 Google\]). The geographic location of Vietnam and the study area were mapped with the free, open-source Quantum Geographic Information System (QGIS) version 2.14.14 (<https://www.qgis.org/en/site/>). The required fecal sample size was estimated as 20 samples per farm. Therefore, on each farm, up to 20 fecal samples were collected from pigs in all ages. Then, 20 individual fecal samples from each farm were combined into two pooled samples (with a pooled size of 10 samples) for the test. Pooled samples were tested with reverse transcription (RT)--loop-mediated isothermal amplification (LAMP) ([@B27]). A "PEDV-positive farm" was defined as any swine herd with at least one positive result in two pooled samples from 20 samples collected from all-aged pigs. In total, 6,601 fecal samples were collected from 327 pig farms in northern Vietnam. The proportion of PEDV-positive farms was 30.9% (101 farms) and PEDV-positive farms were distributed throughout the study area. From the results of a PEDV survey of the pig population in northern Vietnam, there were 101 PEDV positive farms. All 101 PEDV-positive farms were selected as case farms, and 101 PEDV-negative farms, which were individually matched to a case farm based on the province in which they were located, were selected as the control farms for this study. The case and control farms were confirmed in 2018 with a PEDV survey to ensure that their management practices had not changed, even on the case farms, since 2018. We conducted a matched case--control study of the herd management practices for a period of 1 year (January---December, 2018). Questionnaires were sent to veterinarians or managers of these farms in July 2019, and the author (MTN) received the responses through the mail by the middle of August 2019.

![Map of the study area. **(A)** Map is from Google Maps (Map data©2020 Google) and the yellow rectangle shows Vietnam. **(B)** Map of Vietnam; black square indicates the study area. **(C)** Locations of the 187 pig farms in northern Vietnam involved in this study. Black dots indicate PEDV case farms and white dots indicate PEDV control farms. Geographical locations of the farms were mapped with the Quantum Geographic Information System.](fvets-07-00433-g0001){#F1}

Questionnaire
-------------

The questionnaire was developed based on known or published risk factors for PED and other infectious diseases of pigs ([@B6], [@B9], [@B11], [@B13], [@B28]). The designed questionnaire was checked by the authors (SS and YS) and then pre-tested with a selected number of veterinarians for the clarity and appropriateness of its content, questions, and responses in terms of the local situation, before the start of the study. Modifications were made if necessary.

Using a postal questionnaire survey, a case--control study was conducted on the PEDV-positive and -negative farms in northern Vietnam. The final version of the questionnaire contained 49 questions focusing on four main categories ([Table S1](#SM1){ref-type="supplementary-material"}).

Based on the actual data in Vietnam, PED frequently recurred in pig farms that had the presence of PEDV outbreaks in the past. To know whether there is a risk of the persistence of PEDV in these farms or not, only two questions applied specifically to the case farms. The first question concerned whether there had been an occurrence of PEDV in the preceding 2 years. If the answer was "yes," they were asked the second question, regarding how they dealt with PEDV on their farms.

Statistical Analysis
--------------------

The outcome of interest for this study was the binary response variable "PEDV status," which took the value 1 if the farm was PEDV positive and 0 if the farm was PED negative according to RT--LAMP. The data captured with the questionnaire were entered into Microsoft Excel and all statistical analyses were performed with the statistical software R version 3.4.3 (CRAN, 2017). A univariate logistic regression analysis was performed to assess the association between PEDV status and each independent variable in the questionnaire. The significance of each explanatory variable was tested with the Wald test. Any variables significantly associated with PEDV status at the *P* \<0.20 level were subsequently selected for multivariable modeling. Backwards stepwise explanatory variable selection, beginning with the least significant variable, was performed while observing the changes in Akaike\'s information criterion (AIC). The final model was obtained with *P* levels for the remaining variables of \<0.05 and minimum AIC. After the main effects were identified, all possible two-way interactions were also examined. In this study, the total number of pigs did not correlate with PEDV status in the regression analysis. Therefore, to distinguish the influence of location (province) and the total number of pigs on the risk of PEDV, both variables were included as random effects in the multivariate model, by fitting generalized linear mixed-effects models. We used the lme4 package in R to analyze the fitted generalized linear mixed-effects models. The strengths of association between all the variables and the outcome were quantified by evaluating the odds ratios (ORs) and the corresponding 95% confidence intervals (CIs). The contribution of each variable in the final model of the risk of PEDV infection was quantified as the population attributable fraction ([@B29]). To avoid model convergence, multicollinearity was also tested with the variance inflation factor of explanatory variables ([@B30]).

Ethical Considerations
----------------------

Informed consent was obtained in written form (by signature) or orally from all participants, who agreed to participate after they had received written information about the study. Ethical approval for the study was granted by the Hanoi School of Public Health Institutional Review Board, Hanoi, Vietnam (approval number 019-405/DD-YTCC) and the Animal Ethics Committee of the University of Miyazaki\'s Faculty of Agriculture, Miyazaki, Japan (approval number 2017--541).

Results {#s3}
=======

Descriptive Statistics and Univariate Associations
--------------------------------------------------

In total, 187/202 (92.6%) respondents from 92/101 (91.1%) case farms and 95/101 (94.1%) control farms, located in a high-density pig-farming area in northern Vietnam, were included in this study ([Figure 1](#F1){ref-type="fig"}). Some questionnaires had missing responses, which were excluded from the analysis. These farms were identified in a previous PEDV survey of the pig population in northern Vietnam. The data collected from these 187 farms were included in the analysis. In general, the number of pigs on the case farms was lower than the number on the control farms (mean numbers of pigs on the case and control farms were 1090 ± 1055.4 and 1533 ± 1661.4, respectively, *P* \> 0.05). On average, the case farms had fewer vehicles visiting the farm per month than the control farms during the time of the study (mean numbers of vehicles per month on the case and control farms were 8.0 ± 4.3 and 8.4 ± 4.7, respectively, *P* \> 0.05). However, the case farms contained more animal species other than pigs than the control farms (mean numbers of different animal species on the case and control farms were 3.6 ± 1.4 and 2.5 ± 1.5 species, respectively, *P* \<0.05). Of the 92 case farms, 52.17% (48/92) had experienced PEDV in the preceding 2 years and these farms used feedback to control the PEDV outbreaks. Of these farms, 27.08% (13/48) reported that the PEDV-infected pigs on their farms were still moved to other farms or sold to an abattoir. Only 5.88% (11/187) of the farms in the study used a PEDV vaccine to prevent infection.

In total, there were 49 variables in the case-control study. The univariate associations of 49 variables that were considered possible risk factors for PEDV infection are presented in [Table 1](#T1){ref-type="table"}. Of these 9 variables of interest, 29 were associated with PEDV status (*P* \<0.20).

###### 

Results of a univariate analysis of location variables in the risk of *Porcine epidemic diarrhea virus* infection in a case--control study of northern Vietnamese pig farms in 2018.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Groups**                                    **Variables**                                                          **Category**                  **No. of cases**   **Proportion of response (%)**   **No. of controls**   **Proportion of response (%)**   **OR (95% CI)**      ***P*-value**
  --------------------------------------------- ---------------------------------------------------------------------- ----------------------------- ------------------ -------------------------------- --------------------- -------------------------------- -------------------- ---------------
  Farm location\                                Distance from farm to the closest farm                                 \<200 m                       24                 26.1                             17                    17.9                             1.96 (0.82--4.67)    0.127
  (*n* = 8)                                                                                                                                                                                                                                                                          

                                                                                                                       201--500 m                    16                 17.4                             17                    17.9                             1.31 (0.52--3.26)    0.565

                                                                                                                       501--1,000 m                  34                 37.0                             36                    37.9                             1.31 (0.61--2.82)    0.487

                                                                                                                       \>1,000 m                     18                 19.6                             25                    26.3                             Ref                  

                                                Distance from farm to the main road                                    \<200 m                       24                 26.1                             14                    14.7                             3.31 (1.34--8.21)    0.009

                                                                                                                       201--500 m                    26                 28.3                             15                    15.8                             3.35 (1.38--8.16)    0.007

                                                                                                                       501--1,000 m                  27                 29.3                             37                    38.9                             1.41 (0.64--3.13)    0.396

                                                                                                                       \>1,000 m                     15                 16.3                             29                    30.5                             Ref                  

                                                Distance from farm to the residential area                             \<200 m                       19                 20.7                             9                     9.5                              4.10 (1.53--10.98)   0.004

                                                                                                                       201--500 m                    24                 26.1                             25                    26.3                             1.86 (0.83--4.19)    0.13

                                                                                                                       501--1,000 m                  32                 34.8                             28                    29.5                             2.22 (1.02--4.81)    0.042

                                                                                                                       \>1,000 m                     17                 18.5                             33                    34.7                             Ref                  

                                                Distance from farm to the irrigation system                            \<200                         54                 58.7                             40                    42.1                             2.16 (1.08--4.32)    0.028

                                                                                                                       201--500 m                    18                 19.6                             23                    24.2                             1.25 (0.54--2.88)    0.596

                                                                                                                       \>500 m                       20                 21.7                             32                    33.7                             Ref                  

                                                Distance from farm to the slaughterhouse                               \< =1,000 m                   22                 23.9                             4                     4.2                              5.35 (1.68--17.07)   0.002

                                                                                                                       Unknown                       33                 35.9                             55                    57.9                             0.58 (0.31--1.10)    0.093

                                                                                                                       \>1,000 m                     37                 40.2                             36                    37.9                             Ref                  

                                                Distance from farm to local market                                     \<500 m                       12                 13.0                             2                     2.1                              9.27 (1.73--49.66)   0.004

                                                                                                                       500--1,000 m                  26                 28.3                             21                    22.1                             1.91 (0.74--4.96)    0.179

                                                                                                                       1,001--5,000 m                43                 46.7                             55                    57.9                             1.21 (0.51--2.85)    0.665

                                                                                                                       \>5,000 m                     11                 12.0                             17                    17.9                             Ref                  

                                                Distance from barn to living room                                      \<10 m                        21                 22.8                             18                    18.9                             1.71 (0.69--4.25)    0.246

                                                                                                                       10--20 m                      21                 22.8                             23                    24.2                             1.34 (0.55--3.24)    0.517

                                                                                                                       21--50 m                      35                 38.0                             32                    33.7                             1.60 (0.71--3.62)    0.253

                                                                                                                       \>50 m                        15                 16.3                             22                    23.2                             Ref                  

                                                Distance from barn to the pig loading/unloading place                  \< =50 m                      62                 67.4                             49                    51.6                             1.94 (1.07--3.51)    0.028

                                                                                                                       \>50 m                        30                 32.6                             46                    48.4                             Ref                  

  Farm management\                              Farm status                                                            Private                       28                 30.4                             29                    30.5                             1.00 (0.53--1.86)    0.989
  (*n* = 20)                                                                                                                                                                                                                                                                         

                                                                                                                       Company                       64                 69.6                             66                    69.5                             Ref                  

                                                Production type                                                        FF                            20                 21.7                             26                    27.4                             0.99 (0.49--1.98)    0.97

                                                                                                                       FW                            26                 28.3                             10                    10.5                             3.33 (1.46--7.61)    0.003

                                                                                                                       WF                            46                 50.0                             59                    62.1                             Ref                  

                                                Total pigs                                                             \<500                         28                 30.4                             28                    29.5                             Ref                  

                                                                                                                       500--1,000                    31                 33.7                             24                    25.3                             1.29 (0.61--2.73)    0.502

                                                                                                                       1,000--1,500                  18                 19.6                             15                    15.8                             1.20 (0.51--2.84)    0.679

                                                                                                                       \>1,500                       15                 16.3                             28                    29.5                             0.54 (0.24--1.21)    0.133

                                                All-in/all-out policy in each barn                                     No                            27                 29.3                             23                    24.2                             1.30 (0.68--2.49)    0.427

                                                                                                                       Yes                           65                 70.7                             72                    75.8                                                  

                                                Pig movement                                                           Pig addition                  10                 37.0                             4                     17.4                             Ref                  

                                                                                                                       Pig removal                   9                  33.3                             11                    47.8                             0.33 (0.08--1.40)    0.127

                                                                                                                       Both                          8                  29.6                             4                     17.4                             0.8 (0.15--4.24)     0.793

                                                Separate place for pig movement                                        No                            21                 22.8                             17                    17.9                             1.36 (0.66--2.78)    0.402

                                                                                                                       Yes                           71                 77.2                             78                    82.1                                                  

                                                Pig movement place is located on farm\'s property                      No                            17                 18.5                             15                    15.8                             1.21 (0.56--2.59)    0.625

                                                                                                                       Yes                           75                 81.5                             80                    84.2                                                  

                                                Truck through the same route at entrance and exit                      Yes                           89                 96.7                             87                    91.6                             2.73 (0.7--10.62)    0.134

                                                                                                                       No                            3                  3.3                              8                     8.4                                                   

                                                Source of trucks for the pig transport to the slaughterhouse           Slaughterhouse trucks         48                 52.2                             38                    40.0                                                  0.095

                                                                                                                       Business operator trucks      44                 47.8                             57                    60.0                             1.64 (0.92--2.92)    

                                                Having a separate worker in isolation barn                             No                            64                 69.6                             57                    60.0                             1.52 (0.83--2.79)    0.171

                                                                                                                       Yes                           28                 30.4                             38                    40.0                                                  

                                                Opened barn type                                                       Yes                           18                 19.6                             14                    14.7                             1.41 (0.65--3.03)    0.381

                                                                                                                       No                            74                 80.4                             81                    85.3                                                  

                                                Water source                                                           Direct                        49                 53.3                             25                    26.3                             3.19 (1.73--5.89)    \<0.001

                                                                                                                       Indirect                      43                 46.7                             70                    73.7                             Ref                  

                                                Feeding swill to pigs                                                  Yes                           4                  4.3                              0                     0.0                              Inf                  0.04

                                                                                                                       No                            88                 95.7                             95                    100.0                                                 

                                                Having workers in farm                                                 Yes                           76                 82.6                             71                    74.7                             1.61 (0.79--3.27)    0.189

                                                                                                                       No                            16                 17.4                             24                    25.3                                                  

                                                Changing workers                                                       Monthly                       6                  6.5                              2                     2.1                              1.98 (0.37--10.44)   0.414

                                                                                                                       6 months                      12                 13.0                             7                     7.4                              1.13 (0.40--3.19)    0.816

                                                                                                                       Yearly                        17                 18.5                             33                    34.7                             0.34 (0.16--0.71)    0.004

                                                                                                                       No                            47                 51.1                             31                    32.6                             Ref                  

                                                Living place of workers after finishing work on the farm               Staying at farms              46                 50.0                             45                    47.4                             Ref                  

                                                                                                                       Go home                       8                  8.7                              5                     5.3                              1.13 (0.40--3.19)    0.458

                                                                                                                       Both                          32                 34.8                             38                    40.0                             0.34 (0.16--0.71)    0.543

                                                Waste treatment applies in your farm                                   No                            9                  9.8                              3                     3.2                              3.33 (0.87--12.70)   0.065

                                                                                                                       Yes                           83                 90.2                             92                    96.8                                                  

                                                Manure application                                                     Feed for fish                 7                  7.6                              3                     3.2                              7.58 (1.75--32.78)   0.003

                                                                                                                       Applied on land inside farm   25                 27.2                             17                    17.9                             4.78 (2.08--10.99)   \<0.001

                                                                                                                       Mixed type                    44                 47.8                             23                    24.2                             6.22 (2.93--13.21)   \<0.001

                                                                                                                       Sold                          16                 17.4                             52                    54.7                             Ref                  

                                                Share boars with other farms                                           Yes                           10                 10.9                             11                    11.6                             0.93 (0.38--2.31)    0.878

                                                                                                                       No                            82                 89.1                             84                    88.4                                                  

                                                Addition ingredients in feed                                           Antibiotic                    36                 39.1                             49                    51.6                             0.69 (0.29--1.60)    0.381

                                                                                                                       Probiotic                     4                  4.3                              4                     4.2                              0.93 (0.20--4.47)    0.931

                                                                                                                       Both                          37                 40.2                             28                    29.5                             1.23 (0.51--2.97)    0.64

                                                                                                                       None                          15                 16.3                             14                    14.7                             Ref                  

  Biosecurity practice and health management\   Disinfection of environment on premises                                Monthly                       4                  4.3                              4                     4.2                              1.03 (0.25--4.26)    0.963
  (*n* = 11)                                                                                                                                                                                                                                                                         

                                                                                                                       Weekly                        88                 95.7                             91                    95.8                                                  

                                                Biosecurity practices apply to people inside farm                      High                          67                 72.8                             69                    72.6                             Ref                  

                                                                                                                       Intermediate                  23                 25.0                             21                    22.1                             1.13 (0.57--2.23)    0.729

                                                                                                                       Low                           2                  2.2                              5                     5.3                              0.41 (0.08--2.20)    0.285

                                                Biosecurity practices apply to visitors                                High                          55                 59.8                             63                    66.3                             Ref                  

                                                                                                                       Intermediate                  21                 22.8                             17                    17.9                             1.41 (0.68--2.95)    0.353

                                                                                                                       Low                           16                 17.4                             15                    15.8                             1.22 (0.55--2.70)    0.62

                                                Biosecurity practices apply at pig loading/unloading place             High                          54                 58.7                             50                    52.6                             Ref                  

                                                                                                                       Intermediate                  26                 28.3                             22                    23.2                             1.09 (0.55--2.17)    0.797

                                                                                                                       Low                           12                 13.0                             23                    24.2                             0.48 (0.22--1.07)    0.071

                                                Time that vehicles must wait after disinfection to get into the farm   ≤ 2 h                         71                 77.2                             82                    86.3                             0.54 (0.25--1.15)    0.105

                                                                                                                       \>2 h                         21                 22.8                             13                    13.7                             Ref                  

                                                Time that vehicles must wait after disinfection to get into the farm   \<30 min                      15                 16.3                             20                    21.1                             Ref                  

                                                                                                                       30--60 min                    55                 59.8                             46                    48.4                             1.59 (0.73--3.46)    0.237

                                                                                                                       \>60 min                      22                 23.9                             29                    30.5                             1.01 (0.42--2.41)    0.979

                                                Diseases happen in farm                                                High                          40                 43.5                             33                    34.7                             1.73 (0.59--5.05)    0.311

                                                                                                                       Intermediate                  45                 48.9                             52                    54.7                             1.24 (0.43--3.52)    0.69

                                                                                                                       Low                           7                  7.6                              10                    10.5                             Ref                  

                                                Vaccination applying in farm                                           High                          42                 45.7                             47                    49.5                             Ref                  

                                                                                                                       Intermediate                  39                 42.4                             43                    45.3                             1.01 (0.56--1.85)    0.961

                                                                                                                       Low                           11                 12.0                             5                     5.3                              2.46 (0.79--7.67)    0.112

                                                Source of human food                                                   Local market                  78                 84.8                             72                    75.8                             1.69 (0.69--4.13)    0.25

                                                                                                                       Supermarket                   5                  5.4                              9                     9.5                              0.86 (0.22--3.43)    0.835

                                                                                                                       Inside farm                   9                  9.8                              14                    14.7                             Ref                  

                                                Human food including pig products                                      Yes                           21                 22.8                             16                    16.8                             1.46 (0.71--3.02)    0.304

                                                                                                                       No                            71                 77.2                             79                    83.2                                                  

                                                Cook human food before entering farm                                   No                            81                 88.0                             80                    84.2                             1.38 (0.60--3.19)    0.449

                                                                                                                       Yes                           11                 12.0                             15                    15.8                                                  

  People, animal and vehicle contact\           Visiting of vet                                                        Daily                         6                  6.5                              5                     5.3                              1.37 (0.29--6.53)    0.691
  (*n* = 10)                                                                                                                                                                                                                                                                         

                                                                                                                       Weekly                        29                 31.5                             28                    29.5                             1.18 (0.38--3.70)    0.772

                                                                                                                       Monthly                       50                 54.3                             54                    56.8                             1.06 (0.36--3.13)    0.919

                                                                                                                       No                            7                  7.6                              8                     8.4                              Ref                  

                                                Other visitors                                                         Yes                           47                 51.1                             37                    38.9                             1.64 (0.92--2.93)    0.095

                                                                                                                       No                            45                 48.9                             58                    61.1                                                  

                                                Presence of wild birds inside farm                                     Yes                           47                 51.1                             32                    33.7                             2.06 (1.14--3.71)    0.016

                                                                                                                       No                            45                 48.9                             63                    66.3                                                  

                                                Presence of rodents inside farm                                        Yes                           86                 93.5                             59                    62.1                             8.75 (3.57--22.07)   \<0.001

                                                                                                                       No                            6                  6.5                              36                    37.9                                                  

                                                Presence of chicken in farm                                            Yes                           58                 63.0                             32                    33.7                             3.36 (1.84--6.12)    \<0.001

                                                                                                                       No                            34                 37.0                             63                    66.3                                                  

                                                Presence of ducks in farm                                              Yes                           31                 33.7                             23                    24.2                             1.59 (0.84--3.01)    0.152

                                                                                                                       No                            61                 66.3                             72                    75.8                                                  

                                                Presence of dog in farm                                                Yes                           78                 84.8                             80                    84.2                             1.04 (0.47--2.31)    0.914

                                                                                                                       No                            14                 15.2                             15                    15.8                                                  

                                                Presence of cat in farm                                                Yes                           31                 33.7                             14                    14.7                             2.94 (1.44--6.0)     0.002

                                                                                                                       No                            61                 66.3                             81                    85.3                                                  

                                                Vehicles visit another farm on the same day/trip                       Yes                           7                  7.6                              8                     8.4                              1.01 (0.34--2.97)    0.986

                                                                                                                       Unknown                       33                 35.9                             27                    28.4                             1.41 (0.75--2.65)    0.284

                                                                                                                       No                            52                 56.5                             60                    63.2                             Ref                  

                                                Number of truck vehicles visit to farm/month                           High                          14                 15.2                             22                    23.2                             0.58 (0.27--1.28)    0.177

                                                                                                                       Intermediate                  29                 31.5                             28                    29.5                             0.95 (0.49--1.84)    0.882

                                                                                                                       Low                           49                 53.3                             45                    47.4                             Ref                  
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Multivariable Associations
--------------------------

Because many variables (29 variables) were eligible for inclusion in the multivariable model, the selected variables were separated and categorized into four groups based on 4 main categories in [Table S1](#SM1){ref-type="supplementary-material"} and then four corresponding models were established. Backward stepwise selection was performed until the *P-*values of all the remaining variables were \<0.1 in the four corresponding models. A new model was established using the remaining variables in the four models (*P* \<0.1) ([@B6]). Further stepwise simplification of the model has applied until the estimated regression coefficients for all the explanatory variables retained in the final model were significant on the Wald test at a *P* \<0.05. [Table 2](#T2){ref-type="table"} shows the results of the final model. Only three of the 29 variables in these four models remained significant risk factors for PEDV infection in the final model: farrow-to-wean production (OR = 3.35, 95% CI: 1.51--7.43), close proximity of the farm to the slaughterhouse (OR = 7.15, 95% CI: 2.36--21.70), and the presence of chickens on the farm (OR = 3.36, 95% CI: 1.84--6.12) (AIC = 124.2).

###### 

Results of the final multivariate model of risk factors associated with *Porcine epidemic diarrhea virus* in a case--control study on northern Vietnamese pig farms in 2018.

  **Variables**                                     **OR**   **95% CI**    **Coefficient**   **SE**   **Z-Statistic**   ***P*-value**
  ------------------------------------------------- -------- ------------- ----------------- -------- ----------------- ---------------
  Intercept                                                                −0.9694           0.4587   −2.113            0.0346
  Production type (FW)                              3.35     1.51--7.43    1.6194            0.6473   2.502             0.0124
  Near distance to the slaughterhouse (\<1,000 m)   7.15     2.36--21.70   1.9391            0.7085   2.737             0.0062
  Presence of chicken                               3.36     1.84--6.12    1.1282            0.5646   1.998             0.0457

Discussion {#s4}
==========

To the best of our knowledge, this is the first study to quantify the risk factors for the spread of PEDV in an endemic area using a case--control strategy based on a questionnaire survey. Only three of the 49 variables tested remained significant risk factors for PEDV spread in the final model. The three main risk factors for the spread of PEDV in an endemic area in Vietnam are the farrow-to-wean production type, close proximity of the farm to the slaughterhouse, and the presence of chickens on the farm. These factors were significantly associated with the PEDV status of the farms.

In this study, there was a strong relationship between the distance from the farm to the slaughterhouse and the PEDV status of the farm. Close proximity to the slaughterhouse (\<1,000 m) increased the risk of PEDV infection 7.15-fold relative to that on farms further from the slaughterhouse. Population attributed fraction is the proportion of disease in the population that is due to expose ([@B29], [@B31]). The population attributable fraction for this risk factor was 20.57% (95% CI 10.26--29.70), so eliminating or completely preventing its effects would reduce the incidence of PEDV by 20.57%. Cross-contamination of farm vehicles is reported to occur at slaughterhouses ([@B11], [@B13]). There are few central slaughterhouses in Vietnam, and pigs are commonly slaughtered at a slaughtering point near the house of a butcher or pig trader to supply meat to traditional markets. This partly explains why 47.06% (88/187) of the farms in this study reported "unknown distance" in response to the question on this variable. In this study, 27.08% (13/48) of the farms that had experienced PEDV in the preceding 2 years still moved or sold infected pigs to slaughterhouses or other farms. Moving the infected pigs to slaughterhouses could be a risk for environmental contamination of facility because of pigs shedding the virus in feces which can be tracked back to farms. Moving infected pigs has been shown to play a role in the spread of PEDV among farms ([@B13], [@B14]). The open transportation of pigs and pig products from the slaughterhouse to the local market on motorbikes, which is a popular transport method in Vietnam, could also explain why variables related to the farm location, such as the distance from the farm to the main road (\<500 m), the distance from the farm to the local market (\<500 m), and the distance from the farm to the residential area (\<200 m), were associated with the risk of PEDV infection in the univariate analysis. PEDV is known to persist on pig transportation vehicles especially if not disinfected post-use for transportation ([@B13]). All the reasons cited above could increase the risk of PEDV infection on farms close to slaughterhouses through the cross-contamination between animals, vehicles, fomites, and humans, and through the movement of animals or aerosol transmission. Increases in the risk of PEDV transmission have also been attributed to the movement of animals and aerosol transmission in previous studies ([@B14], [@B32]).

Another finding of the present study was the strong relationship between the presence of chickens on the farms and PEDV status (OR = 3.36, 95% CI: 1.84--6.12). Other animal species were also more frequently present on the case farms than on the control farms (average numbers of other animal species on the case and control farms were 3.6 ± 1.4 and 2.5 ± 1.5, respectively). Movements of animals between farms and other neighborhood features were indicated to be the most important factors associated with PEDV occurrence ([@B33]). Previous studies have also demonstrated that other animals on pig farms can transmit PEDV. PEDV was found in the tonsils in 4.2% of cats, suggesting that cats may play a role in the transmission of PEDV on swine farms ([@B28]). Experience in the USA suggests that the transmission of PEDV is related to bird traffic ([@B32]). Therefore, the transmission of PEDV on the case farms may be attributable to animal contact because animal species other than pigs were recorded on site. For example, 22.2% of the case farms had both cats and dogs, and another 22.2% of case farms had only cats ([@B8]). In our study, although the presence of other animal species (including wild birds, rodents, and cats) did not remain a risk factor in the final model, it was significantly associated with PEDV status in the univariate analysis. Furthermore, 31 of 92 (33.7%) case farms reported having ducks and 78/92 (84.78%) reported having dogs. Therefore, the presence of other animal species in general and especially the presence of chickens on the farms could play a role in the transmission of PEDV through animal contact and movement. Animal movement is an important mechanisms of pathogen transmission.

In this study, the farrow-to-wean production type was related to PEDV status, and had a 3.35-fold (95% CI: 1.51--7.43) higher risk of PEDV infection than other production systems. When PEDV infection occurs on a pig farm, it usually spreads among pigs of different ages. However, pigs display age-dependent resistance to pathogenic PEDV infection ([@B34], [@B35]). The virus accumulates and infects pregnant sows, and the subclinically infected sows transmit PEDV to the suckling piglets. The virus is then transferred to pigs of different ages ([@B36]). In another study, PEDV was considered to have been introduced in feeder pigs, fattening pigs, and adult pigs, and then spread to piglets ([@B37]). In the early phase of PEDV outbreaks, sow farms have had the highest incidence of PEDV (80.0%) ([@B19], [@B32]). However, after an acute outbreak, PEDV may remain in the farrowing unit because of poor biosecurity or persist in pigs in weaning or growing--finishing units, where the virus circulates ([@B32]). The number of sows on a farm is thought to play a role in the persistence of PEDV after the original outbreak ([@B37]). Of the case farms in the present study, 52.17% (48/92) had experienced PEDV in the preceding 2 years, and 68.75% (33/48) of these were sow farms (farrow-to-finish and farrow to wean production types). These outbreaks could have been caused by PEDV that was still circulating on these farms after the previous outbreak, which acted as the source of the recurrent epidemic outbreaks. This may explain why PED outbreaks occur periodically in endemic regions.

The application of manure as a biosecurity issue did not remain a risk factor for PEDV spread in the final model. However, there was a strong relationship between manure application and PEDV status in the univariate analysis. A previous study indicated that PEDV may persist in a herd long after its clinical impact ([@B32]). Previous studies have also provided evidence that PEDV can survive for up to 28 days in manure between −20 and 4 °C, and for up to 9 months in infected earthen manure stored at temperatures ranging from −30 to 23 °C ([@B32], [@B38]). In the present study, 68/187 farms sold manure from the farm, which could be a risk factor for the wide transmission of PEDV to other farms if the virus was present in the manure. Risk factors based on social or cultural practices, such as water sources (direct from drilled wells or irrigation systems), were not included in the final model, but were associated with PEDV status in the univariate analysis. In Vietnam, water for pig rearing can be taken from the irrigation system surrounding the farm, drilled wells, or fish ponds. Dead pigs are often thrown into the river. Therefore, there is a high risk of introducing PEDV into the irrigation system or groundwater, which could then be dispersed by the water flow. Therefore, to prevent further transmission of PEDV, it is necessary to raise public awareness about the risk entailed by social and cultural practices in pig raising in Vietnam.

Our study had several limitations. The accuracy of the information depended partly on the professional ability of each veterinarian or farm manager, whose knowledge of the epidemiology of PEDV could be limited. Second, bias may have been introduced by the time lag between the PEDV occurrence on farms and the questionnaire survey. Third, the respondents may have answered questions involving sensitive issues incorrectly. Typical examples are how sick pigs (selling) or dead pigs (throw away) are dealt with. In addition, the selection of PEDV-negative farm could affect the analysis for the identification of risk factors.

Conclusions {#s5}
===========

This is the first study to identify the three main risk factors for the spread of PEDV in an endemic area: the presence of chickens on the farm, close proximity to the slaughterhouse, and the farrow-to-wean production type. It is also the first study to show the distance to the slaughterhouse can play an important role in transmitting PEDV and to indicate this was the principal risk factor associated with the endemic area. In addition, the mechanical transmission by the presence of chicken in the farm that caused by the movement of chicken could be some way to explain the widespread of PEDV.
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